The gut microbiota impacts many aspects of host biology including immune function. One hypothesis is that microbial communities induce epigenetic changes with accompanying alterations in chromatin accessibility, providing a mechanism that allows a community to have sustained host effects even in the face of its structural or functional variation. We used Assay for Transposase-Accessible Chromatin with high-throughput sequencing (ATAC-seq) to define chromatin accessibility in predicted enhancer regions of intestinal αβ + and γδ + intraepithelial lymphocytes purified from germ-free mice, their conventionally raised (CONV-R) counterparts, and mice reared germ free and then colonized with CONV-R gut microbiota at the end of the suckling-weaning transition. Characterizing genes adjacent to traditional enhancers and super-enhancers revealed signaling networks, metabolic pathways, and enhancer-associated transcription factors affected by the microbiota. Our results support the notion that epigenetic modifications help define microbial community-affiliated functional features of host immune cell lineages.
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gut microbiota-immune cell interactions | ATAC-seq | enhancers of gut intraepithelial lymphocytes | transcription factors | gnotobiotic mice H uman gut microbial communities interact with their hosts in ways that affect physiology, metabolism, and immune function. The underlying mechanisms are subjects of intense investigation. One hypothesis is that the gut microbiota induces epigenetic changes in host cells, altering chromatin accessibility and the subsequent poising of genes for expression. Chromatin modifications have the potential to outlast a given microbiota configuration and endow the host with a "memory" of microbial exposure (1) . This hypothesis has been investigated in a limited number of studies. DNase-seq applied to intestinal epithelial cells identified few differences in the chromatin landscape between germ-free (GF) and conventionally raised (CONV-R) mice (2) . Another study, using bisulfite sequencing, analyzed pooled populations of Lgr5 + intestinal stem cells and found colonizationdependent methylation of numerous CpG loci (3) . More recently, iChIP-IVT (Indexing first Chromatin Immunoprecipitation-In Vitro Transcription) was used to assess chromatin state in all three subsets of innate lymphoid cells harvested from CONV-R and antibiotic-treated mice. The results identified thousands of H3K4me2 regions that were sensitive to antibiotic treatment, with a number of these regions losing their specificity for different innate lymphoid cell subsets (4) .
In the present study, we use ATAC-seq (Assay for TransposaseAccessible Chromatin with high-throughput sequencing) to examine this hypothesis. ATAC-seq uses a Tn5 transposase preloaded with sequencing adaptors; this approach enables efficient in vitro transposition of the adaptors into regions of accessible ("open") chromatin (5) which correlate with primed or active enhancers. ATAC-seq is agnostic to the type of epigenetic modification and, importantly, allows analyses to be performed on small populations of cells. Our focus on the effects of the gut microbiota on enhancers was based on the supposition that identifying these regions, their neighboring genes, and the signaling and metabolic pathways to which these genes belong would provide mechanistic insights about how the gut microbial community influences the biological properties of immune cell populations. We targeted two populations that are in intimate association with the gut microbiota and its products: T-cell receptor (TCR) αβ + and TCR γδ + intraepithelial lymphocytes (IELs). IELs participate in immune surveillance, immune tolerance, wound repair, maintenance of gut barrier function, and protection from infectious agents (6) . Given these roles, it is not surprising that considerable attention has been directed to how the microbiota shapes the IEL compartment (7, 8) , although the relationship between the microbiota and IELs is less well characterized than other components of the immune system. We also examined peripheral CD4
+ and CD8 + T cells, reasoning that they may have transient exposures to products of the gut microbiota, can be sampled more readily than IELs, and would allow us to delineate extraintestinal epigenetic effects of the microbiota.
Results
Experimental Design and Approach to Analysis. Three groups of 8-to 10-wk-old male C57BL/6 mice were studied: a group reared under sterile conditions (GF mice), a CONV-R group exposed to microbes present in their environment from the time of birth, and a group initially maintained GF until the suckling-weaning transition at 3 wk of age and then colonized with a cecal microbiota from a CONV-R donor (conventionalized mice, CONV-D) (n = 8 mice per treatment group). The relatively low
Significance
Comparing germ-free mice with those colonized at birth or later provides a way to determine how gut microbial community exposure affects the chromatin landscape of cells along the gut or at remote sites, ascertain how alterations in chromatin accessibility are correlated with functional features of different lineages, and determine whether there is a critical window of exposure when microbial signals must be received to alter the landscape durably. Genome-wide analysis of chromatin accessibility in intraepithelial lymphocytes and circulating T cells purified from gnotobiotic mice revealed enhancers and flanking genes involved in signaling and metabolic pathways that are sensitive to colonization status. Colonization does not fundamentally alter lineage-specific cisregulatory landscapes but induces quantitative changes in the accessibility of preestablished enhancer elements.
numbers of cells required to perform ATAC-seq allowed us to study different cell populations from single animals without needing to pool samples (Fig. S1A ) and to identify predicted enhancers within a given cell lineage, including those whose accessibility is altered by microbial exposure during postnatal development.
To analyze the large datasets generated (Dataset S1), we developed an open-source, Python-based computational pipeline named RIESLING (Rapid Identification of Enhancers Linked to Nearby Genes). RIESLING was inspired by the ROSE (Rank Ordering of Super-Enhancers) software designed for ChIP-seq (9, 10) and developed as a toolkit to standardize analysis of datasets generated from ATAC-seq. RIESLING is designed to enable de novo prediction of putative enhancers and characterization of their differential accessibility (Fig. S2) . Briefly, sequencing data generated following ATAC-seq transposition are used to call "peaks" (open regions of chromatin with a read density statistically higher than background) identified using a Poisson model adapted from standard approaches used for ChIP-seq and DNase-seq analyses. To predict putative enhancers, peaks and their underlying raw read depth are aggregated based on one of three approaches: (i) unstitched (peaks and their underlying raw read depth); (ii) fixed stitching, in which peaks within a certain distance of each other [typically a 12.5-kb window (10) ] are merged together to represent one broad region of interest; or (iii) dynamic stitching, in which a window is slowly increased from 0 kb (unstitched) to a maximum of 15 kb, in adjustable increments of 500 bp, and the number of enhancer clusters identified per window is recorded. The rate of growth (the first derivative) of this growing window is computed, and the point at which the rate of growth of called enhancers decreases (the inflection point) is used to merge nearby peaks together. (See SI Materials and Methods for further discussion of the rationale for using these three approaches in various facets of our analyses).
The Super-Enhancer Landscapes of IELs and Circulating T Cells, Independent of Colonization Status. We identified putative enhancers shared by the two types of purified IEL populations (αβ + and γδ + T cells) and those shared by the two types of purified peripheral lymphocyte populations (CD4 + and CD8 + T cells), independent of colonization status (GF ∪ CONV-R ∪ CONV-D; Fig. S1B ). Data generated from these purified cell populations were highly reproducible (Fig. S1C) . The different enhancer populations were reflected in a hierarchical clustering that clearly stratified by cell type (Fig. S3A) . We divided these putative enhancers into two groups: a set of "traditional" enhancers, and a subpopulation of super-enhancers. Super-enhancers are a subclass of enhancers that are stronger (more occupied by transcriptional activators) and can span longer regions of DNA than traditional enhancers (9, 10) . Super-enhancers can drive cell lineagespecific functions and play critical roles in disease pathogenesis (11, 12) . We identified super-enhancers by first combining adjacent peaks within a 12.5-kb window (the fixed stitching approach described above), ranking and graphing these merged enhancers by their normalized read depth (ATAC-seq signal), and discriminating traditional enhancers from super-enhancers by determining where the slope of a tangent line fitted to their graph reached one (10) . The resulting graph fit an exponential curve in which the largest ATAC-seq signal occurred at a small minority of enhancers ( Fig. S3B and Dataset S2).
Super-enhancers, although comprising <5% of the aggregate IEL enhancer population (4.4% in TCR αβ + IELs and 4.9% in TCR γδ + IELs), accounted for a disproportionate share of the aggregate ATAC-seq signal (35%) compared with the traditional enhancer group; super-enhancers also spanned broader regions of the genome than did traditional enhancers [29,447 ± 440 vs. 3,988 ± 31 bp (mean ± SEM)]. These patterns fit well with other studies, which show similar distributions of signal and enhancer width when applying ATAC-seq and complementary techniques, including p300 and Mediator ChIP-seq, in different tissues (9, 12, 13) . The colonization-independent super-enhancer populations in TCR αβ + and TCR γδ + IELs were highly similar, with a Jaccard similarity index of 83% (Fig. S3A) . The top-ranked super-enhancer in both IEL populations is adjacent to Prkch (Fig. S3B) , a nonclassical Ca2 + -insensitive η-type PKC that promotes T-cell activation and cytoskeletal polarization (14, 15) .
Applying the same analytic approach to peripheral circulating T cells revealed that super-enhancers comprised 5.7% of the population but 37.7% of the aggregate ATAC-seq signal [values comparable to those reported in mice and humans (9, 12, 13, 16) ]. The superenhancer associated with Bach2 (basic leucine zipper transcription factor 2) produced the top-ranked ATAC-seq signal in CD4 + T cells ( Fig. S3 C and D and Dataset S2). This finding was notable, given a previous report that used p300 ChIP-seq to identify Bach2 as the strongest super-enhancer in CD4
+ T cells, and as a critical negative regulator of pathogenic T-cell effector differentiation and as a positive regulator of regulatory T-cell induction (12, 17) .
We performed a network analysis of genes located in the proximity of the top 250 super-enhancers (ranked by ATAC-seq signal) from the combined population of TCR αβ + and TCR γδ + IELs, independent of colonization status, using GeNets (SI Materials and Methods). GeNets defines "communities" as sets of genes with a high degree of connectivity based on a random forest classifier trained on datasets of established protein-protein interactions. This network analysis clustered super-enhancer-associated genes into eight distinct communities that display functions that are lineage-defining components of IELs (e.g., TCR signaling; see Dataset S3 for a complete list of components and their assigned functions). GeNets also identified significant connections among these eight communities (Fig. S4 ).
Contrasting the Chromatin Landscapes of TCR αβ + vs. TCR γδ + IELs, Independent of Colonization Status. We applied a negative-binomial model to the dataset of enhancers described above to identify lineage-specific features of the TCR αβ + and TCR γδ + chromatin landscapes, independent of colonization status. We were wary of applying this model only to the collection of peaks stitched within the 12.5-kb window initially applied to the datasets: Although appropriate for defining strong super-enhancers, this fixed window could, potentially, drown out signals from differentially accessible but narrower enhancer regions. Understanding that the width of enhancers can vary across different cell types and tissues, we used the dynamic stitching approach to merge peaks, with the goal of adapting to variable enhancer widths (Fig. S5A) . Applying a binomial model to these dynamically stitched peaks yielded 4,704 predicted enhancers demonstrating differential accessibility (13.2% of all dynamically stitched IEL enhancers at P < 0.05 by BenjaminiHochberg-adjusted Wald test). Filtering to a more stringent cutoff (P < 5 × 10 −5 by Benjamini-Hochberg-adjusted Wald test) yielded 598 predicted enhancers with increased accessibility in TCR αβ + compared with TCR γδ + IELs and 295 with increased accessibility in TCR γδ + vs. TCR αβ + IELs (Fig. S5B ). (For all differentially accessible enhancers observed at P < 0.05, see Dataset S4 A and B.
For an analysis in peripheral T cells, see Dataset S4 C and D).
We performed a pathway analysis on the collection of statistically significant enhancers using GREAT (Genomic Regions Enrichment of Annotations Tool) (18) , first focusing on regions with increased accessibility in the TCR αβ + IEL population and comparing them to the set of all enhancers in both IEL lineages independent of colonization status. We used GREAT because it can consider multiple genes in proximity to a given enhancer when calculating pathway enrichment (as opposed to a GeNets-based analysis, which incorporates only the most proximal gene). The results revealed significant enrichment (P < 0.05; hypergeometric test) of enhancer-adjacent genes belonging to numerous pathways in the MSigDB (Molecular Signatures Database) encompassing Reactome, KEGG (Kyoto Encyclopedia of Genes and Genomes), other metabolic databases, and GO (Gene Ontology). These pathways are rank ordered based on their statistical significance in Dataset S5A (see SI Results for further discussion).
Chromatin Landscape in TCR αβ
+ IELs from CONV-R vs. GF Mice.
Comparing the TCR αβ + IEL chromatin landscape in CONV-R vs. GF animals using our dynamic stitching approach and binomial model yielded 7,137 predicted enhancers with colonization-associated differences in their accessibility (P < 0.05, Benjamini-Hochberg-adjusted Wald test) with 1,362 surviving more stringent filtering (P < 5 × 10
−5
). Of these, 497 were significantly more accessible in TCR αβ + IELs purified from CONV-R mice than in TCR αβ + IELs from GF animals, and 865 enhancers met this more stringent cutoff for increased accessibility in GF animals ( Fig. S5 C and E and Dataset S8A). Fig. 1A shows that IEL enhancers cluster first by colonization history and then by cell type, in contrast to circulating peripheral T cells in which cell type has a larger discriminatory effect.
We used GeNets to identify potential interactions between genes located near colonization-associated enhancers. The resulting GeNets communities were enriched for (i) members of the PDGF signaling pathway whose associated enhancers were more accessible in TCR αβ + IELs from GF mice (community members Grb10, Pik3cb, Pik3r2, Ptpn11, and Ptprj; see Dataset S9A) and (ii) members of JAK-STAT [community members Cblb (Cbl proto-oncogene B), Il12rb2 (IL- (Fig. 1B and Dataset S9B). A GREAT-based analysis of all enhancers with statistically significant (P < 0.05) increased accessibility in CONV-R vs. GF TCR αβ + IELs disclosed significant overrepresentation of pathways involved in bile acid metabolism, propionate metabolism, and sulfur amino acid metabolism (Dataset S10A). Members of the microbiota direct a complex set of metabolic transformations of bile acids (19) which can influence intestinal inflammation through multiple mechanisms. Propionate, a product of microbial fermentation of dietary glycans, is a histone-deacetylase inhibitor (20) and has immunomodulatory effects in the gut (21) . Sulfur-containing amino acids are coupled to methyl donor availability via their interconversion to S-adenosylmethionine. Moreover, gut inflammation induces elaboration of homocysteine from monocytes in the lamina propria; increased levels of this amino acid are associated with inflammatory bowel diseases (22) .
Several genes in the GO "Regulation of lymphocyte activation" pathway with well-described roles in the accumulation of IELs were associated with enhancers having greater chromatin accessibility following colonization. These include ahr, encoding the aryl hydrocarbon receptor (AhR), which controls accumulation of CD8αα
+

TCRβ
+ IELs (23); id2, which is required for accumulation of CD8αβ + IELs (24); il15ra (IL15 receptor α), which encodes a component of the IL-15 receptor; and il7r, which specifies a component of the IL-7 receptor. IL-15 and IL-7 are important cytokines controlling the accumulation and function of CD8αα + IELs (25) (26) (27) (28) . Additionally, members of two pathways, KEGG "Cell adhesion molecules" (35 genes) and KEGG "ECM-receptor interaction" (25 genes), were also associated with enhancers exhibiting increased accessibility in CONV-R compared to GF TCR αβ + IELs (Dataset S10A); changes in chromatin state affecting enhancers positioned next to genes in these pathways may reflect broad changes in TCR αβ + interactions with the intestinal epithelium upon colonization.
Chromatin Landscape in TCR γδ
+ IELs from CONV-R vs. GF Mice. We identified 4,579 differentially accessible enhancers in TCR γδ + IELs recovered from CONV-R and from GF animals (P < 0.05, Benjamini-Hochberg-adjusted Wald test). Filtering these datasets to P < 5 × 10 −5 yielded 165 putative enhancers with significantly increased accessibility and 511 with significantly decreased accessibility ( Fig. S5D and Dataset S8B). GeNets predicted a number of communities of interacting genes positioned near topranked colonization-responsive enhancers, including genes involved in TGF-β receptor signaling and adherens junction pathways; their associated enhancers exhibited increased accessibility in CONV-R animals (Dataset S9 C and D).
GREAT-based analysis using the entire collection of statistically significantly enhancers with colonization-associated increases in their accessibility disclosed a significant enrichment of genes in KEGG "Cell adhesion molecules" and "ECM-receptor interactions" pathways (Dataset S10D). A similar enrichment of these two pathways was also observed in TCR αβ + IELs (Dataset S10A) and operationally defines a shared response of these two IEL lineages to the presence of a gut microbiota. Enhancers neighboring several genes in GO categories involved in leukocyte and lymphocyte activation and cytokine interactions also exhibited significant increases in accessibility with colonization in TCR γδ + IELs (Dataset S10D); these genes include Cd28, Cxcr4, Il15ra, Il2, Il10, Cd40lg, and Ccr7, some of which are associated with the activation of T cells and have been implicated in shaping the IEL compartment. As noted above, IL-15 responsiveness has been shown to be key for the accumulation of CD8αα + TCRβ + cells and also for TCR γδ + cells (25) (26) (27) (28) . Genes listed in the GO Biological Process "Negative regulation of cytokine production" were associated with enhancers with decreased chromatin accessibility in TCR γδ + IELs from CONV-R compared to TCR γδ + IELs from GF mice; they include tigit, a cell-intrinsic (29) and cell-extrinsic (30) inhibitor of effector T-cell function, Il10, which encodes an anti-inflammatory cytokine (31) , and furin, which regulates levels of effector T-cell activation (32) . The reduced accessibility of enhancers associated with these genes may reflect a homeostatic response to the increased activation of these cells upon exposure to microbial stimuli that is designed to maintain the delicate balance between pathogenic and protective immunity in the intestine. The top-ranked KEGG pathways composed of genes proximal to enhancers that manifest significant decreases in their accessibility in CONV-R TCR γδ + IELs as compared with GF TCR γδ + IELs are presented in Dataset S10E (e.g., 23 genes involved in KEGG "Inositol phosphate metabolism").
Comparing CD4 + and CD8 + T cells isolated from the peripheral circulation of GF and CONV-R mice revealed markedly fewer differentially accessible enhancers than in the IEL populations (n = 35 and 26 in the CD4 + and CD8 + populations, respectively; P < 0.05 Benjamini-Hochberg-adjusted Wald test; Dataset S8 C and D). Five enhancer-associated genes (Cblb, Ica1l, Lrrc8c, Mid1, and Nme7) were shared between the two T-cell populations. All demonstrated increased accessibility in both lineages in CONV-R compared with GF mice. Many of the differentially accessible peripheral T-cell enhancers were also responsive to colonization in the IEL lineages (31% of CD4 + and 46% of CD8 + T-cell enhancers, respectively; compare Dataset S8 A and B with Dataset S8 C and D).
Analysis of Enhancers in IELs
Purified from CONV-D Mice. We expanded our analyses to the group of CONV-D mice that had been reared under GF conditions during the first three postnatal weeks and then were colonized with the cecal microbiota of an 8-wk-old C57BL/6J CONV-R animal and were killed 5 wk later (see Fig. S6 for the results of a bacterial 16S rRNA-based analysis of fecal samples collected at the time mice were killed). We binned enhancers based on differences in their accessibility in IELs recovered from CONV-D mice compared with IELs recovered from GF mice and in IELs recovered from CONV-D mice compared with IELs recovered from CONV-R mice. A set of microbiota-responsive enhancers was identified; these were defined as regions in CONV-D mice whose accessibility was significantly different compared with regions in GF mice but was not significantly different from regions in CONV-R animals.
The top-ranked microbiota-responsive enhancers in TCR αβ + IELs (n = 172) were located in the neighborhood of genes with broad roles in transcriptional regulation and cell growth, including Tshz1, Celf2, and Nav2 (Dataset S11A). Given the limited size of the dataset of these enhancers, we applied an alternative approach to identify pathways whose genes are associated with microbiota-responsive enhancers. Ingenuity Pathway Analysis (IPA) (SI Materials and Methods) revealed that the top-ranked pathway in TCR αβ + IELs is involved in the late stages of heparan sulfate synthesis. In the case of TCR γδ + IELs, the top-ranked pathways associated with enhancers classified as microbiota-responsive (n = 141) were linked to sphingosine-1-phosphate (S1P) and ceramide signaling (Dataset S11B). Enhancers located near S1pr1, S1pr2, and S1pr3 contributed to these enrichments. One role of S1P is to direct the trafficking of IELs from the thymus to the intestine; global hematopoietic deficiency of S1pr1 reduces the ability of TCR γδ + cells to populate the small intestine (33) . The representation of these pathways among the microbiota-responsive group of enhancers may reflect a component of the codevelopment of the functional state of TCR γδ + IELs and the gut microbial community during an important malleable stage of their relationship.
Transcription Factor Regulatory Circuitry. Understanding that the accessibility of cis-regulatory enhancer elements is mediated by the recruitment of transcription factors (TFs) and that TFs and enhancers interact in complex feedback loops, we performed a de novo reconstruction of TF regulatory circuitry (SI Materials and Methods) (34) . In any cell type, a small number of the ∼500 expressed TFs critically define cell identity; these master TFs are often associated with super-enhancer elements (35) . To investigate the effects of the gut microbiota on the TF circuitry regulating cell identity, we modeled TF-enhancer interactions (TF i ) for all TFs associated with dynamically stitched superenhancers. For each TF i , we computed the inward connectivity ("IN degree") to determine how the TF i is regulated by itself and by other TFs at its own enhancer(s). We then computed the outward connectivity ("OUT degree") to quantify how a TF i regulates enhancers of genes encoding other TFs (Fig. 2A) . We predicted enriched TFbinding sites within ATAC-seq-accessible regions for all superenhancers located proximal to TFs in TCR αβ + and TCR γδ + IELs from GF and CONV-R mice and then computed the IN and OUT degrees for these super-enhancer-associated TFs. Super-enhancerassociated TFs were included in subsequent analyses if their unitnormalized total degree (IN + OUT) was greater than 0.75, indicating that the TF is in the top quartile of regulatory influence. For each IEL population, the interactions of all super-enhancer-associated TFs with a normalized total degree >0.75 are shown in Fig. 2B .
There was a significant concordance for TF regulatory connectivity across IELs, independent of colonization status, at 24 TF binding-site motifs (Dataset S12). Both TCR αβ + and γδ + IELs were enriched for a number of TF motifs, including ETS1/ETS2-binding sites. The ETS family plays a crucial role in T-cell development and can induce chromatin remodeling during early T-cell differentiation (36) . There was also strong enrichment for RUNX1 and RUNX3; members of this family of TFs have been identified as regulators of critical TCR αβ + and TCR γδ + pathways (37, 38) . A recent assessment of chromatin state in innate lymphoid cells also demonstrated that highly active enhancers show enrichment for ETS and RUNX motifs, suggesting potential commonality in developmental and functional pathways within IEL populations of the small intestine (39) . Ahr, encoding the aryl hydrocarbon receptor, also was found to have high regulatory connectivity in both GF and CONV-R groups. This observation aligns well with its defined roles in TCR γδ + cells and in CD8αα + TCRβ + accumulation, and with our observation that this receptor is colonization-responsive in TCR αβ + IELs (23) .
We also identified a regulatory network of TF motifs that were sensitive to colonization status. We limited our comparisons to GFvs. CONV-R IELs because a much more limited set of differentially accessible enhancers was identified in CONV-D IELs after applying our high-stringency cutoff. Ten TF binding-site motifs exhibited a high total degree of regulatory connectivity in both TCR αβ + and TCR γδ + IELs isolated from GF mice compared with those isolated from CONV-R mice ( Fig. 2C and Dataset S12). They included the TFs IRF1 and STAT3, which have been identified as critical regulators of IEL maturation and the antiapoptotic activity of IL-15 in IELs (40) . Although the multiple STAT TFs identified in the circuitry share similar binding motifs, and thus similar OUT degrees, we are able to infer differences in their regulation by examining their IN degree, which predicts how the genes encoding the TFs themselves are regulated. Additionally, for the Stat3 gene, there is an increase in enhancer accessibility in TCR αβ + IELs from GF mice compared with TCR αβ + IELs from CONV-R mice that is not present for Stat1 (Fig.  S7) . The Stat3 enhancer contains large numbers of predicted binding sites for the JUN/FOS and MAFK bZIP TFs that are not present in the Stat1 gene (Fig. S7) . Taken together, these data suggest an increase in the regulatory activity of Stat3 in IELs purified from GF mice compared with those from CONV-R animals.
In the reciprocal comparison, three TF binding-site motifs manifested a high degree of regulatory connectivity in TCR αβ + and TCR γδ + IELs recovered from CONV-R mice compared with those recovered from GF animals: GATA3, a critical regulator of T-cell function and master TF for Th2 helper cells (41); KLF3, which has broad regulatory roles, including intestinal IgA production; and REL, which plays a key role in driving both Th1 (42) and Th17 (43, 44) responses to pathogens (Dataset S12 C and D). These observations suggest a microbiota-regulated role for these TFs in the establishment and maturation of these IEL lineages.
Discussion
The location and cellular features of IELs are well described. However, the molecular mechanisms underlying their capacity to exert a rapid and diverse set of effector functions in response to stimulation have been largely undefined. One key stimulus occurs during colonization of the gut with a microbiota. Here, we used ATAC-seq and the RIESLING suite of software tools we developed to conduct a genome-wide search for enhancers and pathways enriched in genes adjacent to these enhancers. Our results demonstrate that this approach can clearly distinguish and classify cis-regulatory landscapes of distinct immune lineages. We find that gut colonization status does not fundamentally alter lineage-specific cis-regulatory landscapes but rather induces quantitative changes in the accessibility of these preestablished enhancer elements (Fig. S5E) . Our findings differ from a previous DNase-seq study in which the authors concluded that the transcriptional state was modified by colonization with a gut microbiota from a specified pathogen-free mouse donor in a manner that appeared to be independent of chromatin remodeling (2) . That study used a heterogeneous population of intestinal epithelial cells. One possible explanation for the differences in our conclusions is that signals from enhancers with differential accessibility may be drowned out in a highly heterogeneous population of starting cells. We were able to identify quantitative differences in chromatin accessibility in purified cell lineages using ATAC-seq, which requires much smaller numbers of cells than DNase-seq. Our findings also are consistent with the quantitative changes observed in a recently reported iChIP-IVT analysis of innate lymphoid cells harvested from CONV-R animals that had or had not been treated with antibiotics (see the Introduction and ref. 4) .
It is tempting to speculate that gut epithelial cell lineages that are in direct contact with the microbiota are poised to exploit a preexisting chromatin landscape in ways that allow them to respond rapidly to microbial stimulation. Although increases in chromatin accessibility correlate with transcriptional activity, these measurements are limited in their ability to characterize more complex modulations of the chromatin state. For instance, enhancers can be poised or active (45) , and the recruitment of chromatin regulators at preexisting accessible sites can dramatically modulate transcriptional responses (46) (47) (48) . Nonresponsive enhancers, which fail to exhibit alterations in chromatin accessibility after delayed exposure to a microbiota, could reflect (i) the existence of a critical developmental window beyond which chromatin modification is not possible or is unlikely; (ii) the need for a minimal length of time of microbial exposure, irrespective of when the microbiota is first introduced, that was not satisfied under our experimental conditions (5 wk of exposure starting at the end of postnatal week 3); or (iii) differences in the structural and functional configuration of the microbiota that we observed between CONV-R and CONV-D animals.
Our results provide an estimation of the magnitude of the gut microbiota's influence on the epigenetic state of IELs and define the enhancers and pathways impacted by colonization. Future efforts to understand how the functional epigenetic states of IELs are modified by specific members of the gut microbiota, the nature of the diet being consumed, and the period in postnatal development when these cells first encounter gut microbes will be important to develop a mechanistic understanding of how these interactions contribute to protective immunity. These questions are relevant not only to normal host development but also to disorders in which various facets of development are impaired, including in children with undernutrition who have disrupted maturation of their gut microbiota (49, 50) .
Materials and Methods
Mouse experiments were performed using protocols approved by the Washington University Animal Studies Committee. A detailed description of protocols used for (i) gnotobiotic animal husbandry, (ii) 16S rRNA-based characterization of bacterial taxa present in the fecal microbiota of CONV-R and CONV-D mice, (iii) purification of small intestinal IELs and circulating CD4/CD8 + T cells, and (iv) ATAC-seq (including transposition and sequencing protocols; the architecture of the RIESLING computational pipeline; the approach for identifying enhancers that exhibit significant REL  SATB1  TGIF1  GATA3  KLF3  ETV5  DEAF1  RUNX2  MAX  STAT4  CEBPB  NFE2L2  GFI1  USF2  JDP2  MAFK  STAT3  MEF2A  IRF1  TCF3  KLF11  CREB3L2  NFYC  AHR  MYBL2  STAT1  ETS1  FOXO1  RUNX1  RUNX3  BCL6  PRDM1  FOXO3  YY1  SP4  KLF4  MYC  LEF1  IRF2  KLF13  FOXJ3  BHLHE40  JUN  NFATC1  NFATC2  FOS  ETS2  HIVEP2   TCR differences in their accessibility in the different immune cell lineages as a function of colonization status; data normalization; pathway analyses; and characterization of TF regulatory circuitry) is provided in SI Materials and Methods.
